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A simple, readily-prepared precipitant (1Cl2) precipitates oxalate or terephthalate from water with very high efficacy, 

removing these anions at sub-millimolar concentrations using only one equivalent of precipitant. A simple aqueous 

base/acid cycle can be used to regenerate 1Cl2 after use. The resulting precipitates, 1oxalate and 1terephthalate, are 

anhydrous and closely-packed, with each anion receiving eight charge-assisted hydrogen bonds from amidinium N–H 

donors. Precipitation of oxalate and terephthalate occurs at much lower concentrations than other dicarboxylates, and 

direct competition experiments with the biologically/environmentally relevant divalent anions CO32–, HPO42– and SO42– 

reveal very high selectivity for oxalate or terephthalate over these competitors.  

Introduction 

Anions are of vital importance in numerous biological, 

environmental and industrial processes, and so the 

development of anion receptors and sensors is a major 

focus of supramolecular chemistry.1–3 Achieving anion 

recognition in water is notoriously difficult as both hosts and 

the majority of anions have high hydration enthalpies and 

so interactions with the solvent typically outcompete host–

guest interactions.4 Even when anion binding can be 

achieved in water,5–14 doing this selectively is extremely 

challenging, and where selectivity has been achieved it 

tends to be either selectivity for more highly charged anions 

over less charged ones (electrostatics-driven)15,16 or for 

more lipophilic anions over hydrophilic ones 

(hydrophobicity-driven).6,17,18 Achieving selectivity between 

similar anions in water thus remains a largely unsolved 

challenge. 

 One possible approach to achieving selectivity between 

similar anions in water is to use precipitation instead of 

recognition in solution. While this is not possible in every 

situation, if it can be used then subtle differences in 

solubility and crystal packing may lead to selectivity where 

one anion is just insoluble enough to begin to crystallise 

while others remain in solution. Precipitation also has the 

added advantage of removing the anion from the medium 

potentially allowing for clean-up of contaminated water.   

 A significant body of research has investigated selective 

precipitation of sulfate from water: while simple metal ions 

such as barium are effective sulfate precipitants, they suffer 

from a lack of selectivity.19 Early studies investigated simple 

organic precipitants although these suffered from low 

solubilities of the precipitant and limited selectivity.20–22 In 

2015, Custelcean reported readily-prepared bis-

iminoguanidinium compounds (BIG2+, Figure 1) that are 

effective sulfate precipitants and showed good selectivity 

against relevant anions such as Cl– and NO3
–.23 Since then, 

a small family of these systems have been described. 

Interestingly sulfate is always precipitated in hydrated form 

(two to five water molecules per anion).23–25 Very recently, 

Einkauf and Custelcean reported that these BIG2+ 

precipitants could also precipitate selenate and selenite 

anions: while no selectivity was observed between the very 

similar sulfate and selenate anions, > 99% of sulfate and/or 

selenate could be removed by using an excess of 

precipitant.25 

 Inspired by Custelcean’s work, we recently reported that 

the simple bis-amidinium compound 12+ could remove > 

95% of sulfate from aqueous solution and was selective for 

this anion even in the presence of competitive divalent 

anions.26 Like Custelcean’s precipitants,23–25 12+ could be 

regenerated for subsequent reuse. Even though the 

structure of 12+ is relatively similar to that of the BIG2+ 

precipitants, different crystallisation behaviour is observed 

with 12+ precipitating anhydrous sulfate while BIG2+ 

compounds precipitate hydrated anions. In the current 

work, we extend our studies to look at the precipitation of 

dicarboxylate anions, as these are known to be important in 

biology and industry.27,28  Specifically, we demonstrate that 

oxalate and terephthalate (i.e. 1,4-benzenedicarboxylate) 

can be removed from water with high efficiency at low 

concentrations. While impressive systems for binding and 

sensing oxalate29,30  and terephthalate31,32 in water have 

been reported, we are unaware of any reports of selective 

precipitants for these anions. 

 These anions are not found at significant concentrations 

in natural systems such as waterways. However, oxalate is 

toxic,28 is problematic for industrial bauxite processing,33 

and has been suggested as a mechanism for carbon 

storage,34,35 while tens of millions of tons of terephthalate 

are produced annually during production (and sometimes 

recycling) of PET plastics.36 While the focus of the current 

work is on understanding selective precipitation processes, 

we believe that these kinds of precipitants could prove 
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useful in remediation of industrial spills of oxalate and 

terephthalate. 

 

 

Figure 1  Dicationic sulfate precipitants reported by Custelcean’s group23–

25 and our group.26  

Results and discussion 

Precipitation of polycarboxylates 

We have previously tested the ability of 1∙Cl2, which is highly 

water soluble (> 50 mM), to precipitate monovalent anions, 

HPO4
2–, carbonate and sulfate.26 We found that 1∙Cl2 

precipitated sulfate with complete selectivity over 

monovalent anions, and was effective at concentrations as 

low as 1.0 mM, but did not precipitate sulfate at 0.50 mM. 

When 1∙Cl2 was exposed to a mixture of sulfate and 

carbonate, 1∙sulfate precipitated selectively with no 

evidence of carbonate precipitation. 

 In the current work, we have expanded this study to look 

at a range of dicarboxylate anions, as well as citrate. We 

initially mixed equal volumes of 20 mM aqueous solutions 

of 1∙Cl2 and the sodium salt of the anion of interest to give 

final solutions with concentrations of 10 mM of 12+ and the 

di/tri-carboxylate of interest. All studied carboxylates 

(citrate, malonate, oxalate, succinate, terephthalate) 

formed immediate precipitates upon mixing with 12+ at 

these concentrations. We next conducted similar studies at 

lower concentrations until no precipitation was observed. 

These results are presented in Table 1, along with a 

summary of our previously-reported results.  

Table 1. Time taken for visible precipitation when mixing 1∙Cl2 and anions at various concentrations. 

Anion 10 mM a 2.0 mM a 1.0 mM a 0.50 mM a 0.25 mM a 0.10 mM a 

Cl–/Br–/I–/NO3
–/ClO4

–/HCO3
– 26 no ppt.b – – – – – 

HPO4
2– 26 ~ 5–10 s no ppt.b – – – – 

carbonate2– 26 ~ 5–10 s several hours no ppt.b    

malonate2– immediate ~ 15 hr no ppt.b – – – 

citrate3– immediate several hours no ppt.b – – – 

succinate2– immediate ~ 1 hr ~ 15 hr no ppt.b – – 

sulfate2– 26 immediate ~ 15 s several hours no ppt.b – – 

oxalate2– immediate ~ 1 min several hours several hours no ppt.b – 

terephthalate2– immediate immediate 5–10 s ~ 5 min ~ 15 min ~ 24 hours 

a Concentration refers to final concentration of both 12+ and anion after mixing. b No precipitate observed within 24 hours.
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 At a concentration of 1.0 mM, no precipitation was 

observed within 48 hours for malonate or citrate (we have 

previously shown that carbonate and HPO4
2– also do not 

precipitate at this concentration26), while relatively rapid 

precipitation was observed for terephthalate, and slower 

precipitation for sulfate, succinate, and oxalate. At 0.50 

mM, only oxalate and terephthalate precipitated with 

significant precipitation of both 1∙oxalate and 1terepthalate 

at this concentration. In the case of 1∙terephthalate, 

precipitation was observed at concentrations as low as 0.10 

mM. All of the precipitated solids containing carboxylate 

anions could be obtained as single crystals and were 

characterised by SCXRD and PXRD studies, as well as NMR 

analysis of digested crystals, thermogravimetric analysis, IR 

spectroscopy and elemental analysis (see later for 

discussion of crystal structures, and SI for characterisation). 

Given the effective precipitation of oxalate and 

terephthalate by 1∙Cl2, we conducted bulk precipitation 

studies at a range of concentrations, ranging from 2.0 to 20 

mM. These studies were conducted on either 1.00 or 3.00 

mmol scales (see SI for full details). At 10 mM and 20 mM 

concentrations, near-quantitative removal (95 – 98%) of 

oxalate and terephthalate was observed (Table 2), as was 

previously observed with sulfate.26 At lower concentrations 

(2.0 and 5.0 mM), removal was still near-quantitative (≥ 

95%), which contrasts with previously-reported results for 

sulfate, where yields decreased at these lower 

concentrations.26 

Table 2. Yields of 1∙oxalate, 1terephthalate or 1SO4 precipitated from 

equimolar mixtures of aqueous 1∙Cl2 and sodium oxalate, terephthalate or 

sulfate. 

Concentration 

(mM) a 

1oxalate 

yield (%) 

1terephthalate 

yield (%) 

1SO4 

yield (%)26 

20 98 97 not 

determined 

10 98 95 96 26 

5.0 99 95 92 26 

2.0 97 95 78 26 

a Concentration of both 12+ and anion. 

 

Regeneration of 1∙Cl2 

We have previously reported that 1∙Cl2 can be regenerated 

from 1∙SO4 using either BaCl2, or treatment with NaOH(aq) to 

generate the neutral bis-amidine (1–2H) followed by 

regeneration of 1∙Cl2 using HCl.26 This procedure, outlined in 

Scheme 1, is based on a similar approach used by 

Custelcean for bis-guanidinium BIG2+ precipitants.24 In our 

initial report, this basification/acidification procedure gave 

an unoptimised 78% yield of recovered 1∙Cl2. We 

investigated the basicification/acidification approach to 

regenerate 12+ from 1oxalate and 1terephthalate, and 

optimised the procedure to increase the recovery. This gave 

1∙Cl2 as expected, and after optimisation we were able to 

recover this compound in ~90% yield. This procedure is 

given in the Supporting Information, but it was important to 

minimise both the amount of time that 1∙oxalate or 

1∙terephthalate was exposed to the basic solution (due to 

the instability of amidines in the presence of aqueous 

base37) as well as the amount of solvent/HCl(aq) used in the 

re-acidification step to avoid losses due to 1∙Cl2 dissolving. 

 

Scheme 1  Regeneration of 1∙Cl2 from 1∙oxalate and 1∙terephthalate. The 

sodium oxalate and sodium terephthalate generated in the initial NaOH 

step are soluble in water and stay in solution. Small amounts of impurities 

that precipitate with 1–2H stay in the ethanol/HCl(aq) solution so pure 1∙Cl2 is 

recovered. 

 

Thermodynamics of crystallisation 

We determined the aqueous solubilities and solubility 

products of 1∙oxalate and 1∙terephthlate and compared this 

with our previously-reported value for 1∙SO4 [Ksp value of 

9(1) × 10–8].26 The Ksp values for 1∙oxalate and 

1∙terephthalate [1.6(2) × 10–9 and 1.8(1) × 10–10] are 

notably lower than that previously reported for 1∙SO4, and 

indeed the Ksp value for 1∙terephthalate is comparable to 

that of other notoriously insoluble salts such as AgCl and 

BaSO4 (Ksp values of 1.8 and 1.1 × 10–10,38 respectively). In 

contrast, the solubilities for the other carboxylate anions are 

substantially higher than 1∙oxalate and 1∙terephthalate: 

5.4(2) × 10–7, 1.6(1) × 10–7 and 2.5(1) × 10–8 for 

1carbonate, 1malonate and 1succinate, respectively. 

 Van’t Hoff analysis of variable temperature solubility 

data (see Supporting Information) indicates that 

crystallisation is enthalpically and entropically favourable 

for 1∙oxalate, 1∙sulfate and 1∙terephthalate (Table 3). For 

1∙oxalate and 1∙sulfate, enthalpy is the more significant 

driver representing about ¾ of the energetic favourability, 

while for 1∙terephthalate the entropic term is more 

substantial.  Generally, these values are quite similar to one 

another, which contrasts with data for BIG2+ precipitants 

with SO4
2–, SeO4

2– and SeO3
2– where ΔH values range from 

–20 to –152 kJ mol–1 and TΔS values ranged from –104 to 

+ 133 kJ mol–1.25 We suggest that the greater degree of 

similarity in our results likely arises from the very similar 
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molecular structures of 1∙SO4, 1∙oxalate and 1∙terephthalate 

(see later), and the fact that they are all anhydrous 

structures, whereas BIG2+ precipitants exist as hydrated 

anion complexes with varying numbers of water 

molecules.23–25  

 

Table 3. Thermodynamic parameters of crystallisation calculated using 

van’t Hoff analysis. Estimated standard errors given in parentheses. 

 ΔH  

(kJ mol–1) 

TΔS at 298 K 

(kJ mol–1) 

ΔG at 298 

K 

(kJ mol–1) 

1∙oxalate –35(1) –13 –48 

1∙sulfate –31(1) –9 –40 

1∙terephthalate –15(4) –36 –52 

 

Competition studies 

The solubility data indicate that 12+ can remove extremely 

low levels of oxalate and terephthalate, and that it is 

effective at even lower concentrations than for sulfate. We 

investigated this further by conducting competition 

precipitation experiments where we mixed aqueous 

solutions of 1∙Cl2 with one molar equivalent of oxalate or 

terephthalate as well as one molar equivalent each of 

carbonate, dibasic phosphate, and sulfate. These anions 

were chosen as they are important biological or 

environmental anions, and are themselves precipitated 

effectively by 12+, so represent rigorous competition. These 

competition experiments were conducted at both 10 mM 

and 2.0 mM, with the resulting solids analysed by IR 

spectroscopy and PXRD (1H NMR analysis of acid-digested 

solids was not useful due to the absence of 1H resonances 

in oxalate and peak overlap between 12+ and 

terephthalate). In both cases, no evidence of carbonate, 

HPO4
2– or sulfate incorporation in the precipitated product 

was observed (see SI for more details). 

 Further competition experiments for the 1oxalate 

system were conducted using ion chromatography: full 

results are described in the SI but briefly, solutions with a 

final concentration of 10 mM of 12+ and anion(s) were 

prepared and the concentration of anions remaining in 

solution after precipitation was analysed. These 

experiments revealed that the same amount of oxalate was 

removed (95%, all values given to the nearest 5%) with or 

without the presence of one equivalent of sulfate, again 

consistent with highly selective precipitation. In the 

presence of one equivalent of carbonate or HPO4
2–, a large 

amount of oxalate was removed (85%) but this was slightly 

decreased relative to when these competitive guests were 

absent. Even in the presence of one equivalent each of 

carbonate, HPO4
2– and sulfate, 80% of oxalate was 

removed.  

 

X-ray crystal structures of 12+ and anions 

We were able to obtain crystal structures of 1∙(ClO4)2, 

11.5∙citrate, 1∙malonate, 1∙oxalate, 1∙succinate and 

1∙terephthalate in the current work, and we compare these 

with our previously-reported structures of 1∙Cl2, 1∙carbonate 

and 1∙sulfate (Figure 2). Crystals of 1∙carbonate, 1∙oxalate, 

1∙succinate, 1∙sulfate and 1∙terephthalate are all anhydrous, 

densely-packed structures and all have very similar 

hydrogen bonding arrangements. These structures are 

discussed in more detail later, but briefly each anion 

receives four charge-assisted hydrogen bonds from 

“forwards-facing” amidinium N–H donors, and four 

hydrogen bonds from “sideways-facing” amidinium N–H 

donors, with these hydrogen bonds being very similar in 

length across all structures. The structure of 1∙Cl2 is also 

anhydrous and similar to these structures with the two 

chlorides relatively close together and receiving a similar 

hydrogen bonding arrangement (although with longer 

H∙∙∙acceptor distances due to chloride’s larger size and 

reduced basicity). The structures of 1∙(ClO4)2, 11.5∙citrate and 

1∙malonate all contain water solvent molecules. In the 

structures of 1∙(ClO4)2 and 1∙malonate, these water 

molecules hydrogen bond to the anion, while the structure 

of 11.5∙citrate is relatively open and appears to contain a 

large number of water molecules, although the structural 

data were not of sufficient quality to model the solvent 

molecules and so PLATON-SQUEEZE39 was used to include 

the electron density in the final refinement (see SI for full 

details).  

 

Hydrogen bonding in densely-packed structures of 

1∙carbonate, 1∙oxalate, 1∙succinate, 1∙sulfate and 

1∙terephthalate: These five structures are all anhydrous and 

densely-packed (crystal densities: 1.44 – 1.54 g cm–3). It is 

notable that all five of the complexes have relatively low 

water solubility (< 2.0 mM) and precipitate relatively rapidly 

(within seconds at 10 mM, within a few hours at 2.0 mM). 

Kitaigorodskii Packing Indices40 (KPIs) were calculated 

using PLATON,41 and interestingly the structure of 1∙sulfate 

is notably less densely-packed (KPI = 0.66) than 

1∙carbonate, 1∙oxalate, 1∙succinate or 1∙terephthalate, which 

are quite densely packed (KPIs = 0.72, 0.74, 0.74, 0.76, 

respectively). We analysed the hydrogen bonding in these 

related structures in more detail to see if we could observe 

trends that may shed light on crystallisation behaviour (full 

details are provided in the SI). While hydrogen atoms are 

relatively poorly resolved by X-ray crystallography,42 these 

five structures are of high quality so we believe that some 

(cautious) comparisons can be made. In each of these 

structures, the N–H hydrogen atom positions were refined 

with restraints on the N–H bond distance.43  
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Figure 2  Portions of X-ray crystal structures showing hydrogen bonding arrangements around anion. The structures of 1·carbonate, 1·sulfate and 1·Cl2 

have been reported previously.26 The five structures on the top row are all anhydrous densely-packed structures with similar hydrogen bonding 

arrangements. Disorder in the structures of 1·malonate and 1·(ClO4)2 has been omitted for clarity. PLATON-SQUEEZE was used in the refinement of 

11.5·citrate.39

Each anion receives eight hydrogen bonds from four 

“forwards-facing” and four “sideways-facing” amidinium N–

H donors, and in some cases additional much longer C–H 

donors. Hydrogen bonds from the forwards-facing N–H 

donors have H∙∙∙O distances ranging from 1.86 – 2.01 Å (69 

– 74% of the sum of the van der Waals radii44 of H and O), 

while those from the sideways-facing N–H donors have H∙∙∙O 

distances ranging from 1.88 – 2.19 Å (70 – 81% of the sum 

of the van der Waals radii44 of H and O). Where C–H 

hydrogen bonds are present, these are much longer (H∙∙∙O 

distances: 2.48 – 2.68 Å, 92 – 99% of the sum of the van 

der Waals radii44 of H and O). There seems to be some trade-

off in hydrogen bonding arrangements, presumably caused 

by geometrical factors; for example, the structure with the 

shortest forwards-facing hydrogen bonds (1∙terephthalate) 

has the longest sideways-facing hydrogen bonds. 

Given the similar hydrogen bonding arrangements in the 

five structures, and to allow comparison between 

structures, we averaged all the N–H∙∙∙O hydrogen bonds in 

each structure. The shortest mean H∙∙∙O distance is found in 

the structure of 1∙carbonate (1.94 Å), while the longest is 

found in the structure of 1∙sulfate (2.01 Å), with the 

dicarboxylate anions oxalate, succinate and terephthalate 

having intermediate values (1.97 Å, 1.98 Å, 2.00 Å, 

respectively). Shorter hydrogen bonds do not appear to be 

correlated with reduced solubility, as the salt with the 

shortest hydrogen bonds (1∙carbonate) is the most soluble. 

As expected,45 hydrogen bond lengths instead seem to be 

correlated with basicity, with relatively good correlation 

between the pKa of the conjugate base of each anion and 

hydrogen bond length (Figure S64). 

 

Other bis-amidiniums 

We previously investigated the ability of the smaller and 

larger bis-amidinium compounds 22+ and 32+ (Figure 3) to 

precipitate sulfate.26 Compound 22+ has high water 

solubility as its chloride salt (~ 150 mM) but is a poor sulfate 

precipitant (no precipitation at 10 mM). Compound 32+ 

could precipitate sulfate at very low concentrations (0.10 

mM) but was poorly soluble as its chloride salt (~ 1.5 mM).  

We investigated both of these compounds for their 

ability to precipitate oxalate and terephthalate: while 3∙Cl2 is 

not a practical oxalate precipitant due to its limited aqueous 

solubility, it is remarkably effective at precipitating these 

anions, with precipitation observed at concentrations as low 

as 0.020 mM for terephthalate and 0.050 mM for oxalate. 

To investigate the role of precipitant solubility and the 

importance of packing efficiency, we prepared 3OMe∙Cl2, 

where two methoxy groups were added to the central ring of 

the terphenyl precipitant. Unfortunately, this compound had 

poor solubility properties and so was not investigated 

further (see SI for synthesis).  

Benzene bis-amidinium 22+ is less effective than 12+ as 

a precipitant, but shows relatively high precipitation 

efficiency and can precipitate oxalate at 1.0 mM and 

terephthalate at 0.25 mM, which is noteworthy given its very 

high water solubility (~ 150 mM). To try and gain insight into 

the precipitation properties of 22+ and allow comparisons 

with 12+, we report the X-ray crystal structures of 2∙oxalate 

and 2∙sulfate and compare these with the previously-

reported46 structure of 2∙terephthalate (Figure 4). These 

three structures, 2∙oxalate, 2∙sulfate and 2∙terephthalate are 

anhydrous and quite densely packed (KPIs: 0.71 – 0.77 

crystal densities: 1.48 – 1.52 g cm–3), and these 
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parameters are generally very similar to the analogous 

structures containing 12+, except that 1∙sulfate has an 

anomalously low KPI, as previously discussed. 

 

Figure 3  Other bis-amidinium precipitants investigated. 

Hydrogen bonding arrangements in 2∙oxalate, 2∙sulfate and 

2∙terephthalate are similar to those seen in 1∙carbonate, 

1∙oxalate, 1∙succinate, 1∙sulfate and 1∙terephthalate, 

although in 2∙oxalate the oxalate anion is rotated 90° 

relative to its orientation in 1∙oxalate. For a given anion, the 

smaller precipitant 22+ forms slightly shorter hydrogen 

bonds in each case, although these differences are very 

small. In any case, it is clear that the lower solubility of 

carboxylate/sulfate complexes of 12+ is not due to a 

significantly tighter hydrogen bonding arrangement. 

 

Figure 4  Portions of X-ray crystal structures showing hydrogen bonding 

arrangements around anion in 2∙oxalate, 2∙sulfate and 2∙terephthalate. The 

structure of 2∙terephthalate has been reported previously.46 These 

hydrogen bonding arrangements are very similar to the analogous 

structures containing 12+ instead of 22+ (Figure 3). 

Conclusions 

Bis-amidinium 12+ is a highly effective precipitant for oxalate 

and terephthalate, even at sub-millimolar concentrations. It 

is selective over other polycarboxylate anions and divalent 

CO3
2–, HPO4

2– and SO4
2–. Crystallisation is both enthalpically 

and entropically favourable, with the entropic component 

presumably arising from an increase in disorder of the 

system when the large and ordering biphenyl molecule is 

removed from water. Interestingly, analysis of the crystal 

structures of nine salts of 12+ and three of the smaller bis-

amidinium 22+ does not reveal any direct trends between 

solubility and either packing density or hydrogen bond 

length. However, it is notable that all the least soluble 

materials are anhydrous and have eight amidinium N–H 

groups forming short charge-assisted hydrogen bonds to the 

anion. This work demonstrates that it is possible to 

selectively precipitate certain dicarboxylates, expanding on 

pioneering work from the Custelcean group investigating 

precipitants for sulfur/selenium based anions.23–25  It is 

hoped that this work will lead to the development of 

selective precipitants for a wide range of toxic or damaging 

anions. 

Experimental Section 

General remarks 

The bis-amidinium 1·Cl2 was purchased from Ambeed; it can 

also be readily prepared from the corresponding dinitrile.26 

Bis-amidinium compounds 2∙Cl247 and 3∙Cl226 were 

prepared from the corresponding dinitriles as previously 

described; the synthesis of 3OMe∙Cl2 is given in the SI. Anions 

were used as their sodium salts; all of these were 

commercially-available, apart from sodium terephthalate, 

which was prepared from terephthalic acid as described 

previously,48 and then recrystallised from water/acetone. 

Details of characterisation of all new compounds and 

frameworks are provided in the Supporting Information.  

 

Data availability statement 

Crystallographic data for 1∙(ClO4)2, 11.5∙citrate, 1∙malonate, 

1∙oxalate, 1∙succinate, 1∙terephthalate, 2∙oxalate and 

2∙sulfate have been deposited with the Cambridge 

Crystallographic Data Centre (CCDC) with deposition 

numbers 2326321 – 2326328. Crystal data for 1∙Cl2 

(CCDC: 2222090), 1∙carbonate (CCDC: 2222092), 1∙sulfate 

(CCDC: 2222091) and 2·terephthalate (CCDC: 2047427) 

have previously been deposited with the CCDC. Other data 

are provided in the SI. 
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